An insertional mutation in hsa, the gene encoding the sialic acid-binding adhesin of Streptococcus gordonii DL1, resulted in a significant reduction of the infection rate of the organism and an inflammatory reaction in the rat aortic valve with experimental endocarditis, suggesting that the adhesin contributes to the infectivity of the organism for heart valves.
Streptococcus gordonii and other closely related species colonize primarily the human tooth surface as members of the biofilm community commonly referred to as dental plaque (6, 7, 10) . In addition, these streptococci are well known for their ability to colonize damaged heart valves and are the most frequently identified bacteria as primary etiological agents of infective endocarditis (1, 2, 5) . We have previously reported that the sialic acid-binding adhesin (Hsa) of S. gordonii DL1 may contribute not only to oral colonization but also to the pathogenesis of infective endocarditis (21, 22, 23, 24) .
The neuraminidase-sensitive adhesive properties of viridans group streptococci have been primarily found as adhesions to saliva-coated hydroxyapatite, an experimental model of the tooth surface, and also to platelets and host cells including erythrocytes and polymorphonuclear leukocytes (6, 7, 10, 17, 18, 24) . A specific cell surface antigen of S. gordonii DL1 has been associated with its adhesive properties (21) . The gene for this antigen, hsa, has been cloned, and the protein, Hsa, encoded by hsa has been identified as the sialic acid-binding adhesin (22) . Hsa is a large serine-rich repeat protein composed of 2,178 amino acid residues (22) . The carboxyl-terminal serine-rich repetitive region, which accounts for over 75% of the length of Hsa, is glycosylated containing GlcNAc (21, 24) . The glycosylation may confer an extended rod-shaped conformation on the serine-rich region, enabling this region to function as a molecular stalk for cell surface presentation of the putative amino-terminal receptor-binding domain (24) . Hsa binds ␣2-3-linked sialic acid termini of O-glycosylated mucintype glycoproteins, including salivary mucin MG2, platelet glycoprotein Ib␣, and leukosialin, the major surface glycoprotein of human polymorphonuclear leukocytes (3, 18, 19, 22, 23, 24, 25 Because of reliable detection and counting of both strains in vegetations or in blood, DL1R2, a rifampin-resistant spontaneous mutant of wild-type DL1 (Challis) (10) , and EM230 (DL1 hsa::ermAM), the hsa mutant (22) , were used in this study. Streptococci were cultured at 37°C for 18 h in complex medium containing 0.5% tryptone, 0.5% yeast extract, 0.5% K 2 HPO 4 , 0.05% Tween 80, and 0.2% glucose (15) . The medium was supplemented with 25 g/ml of rifampin for DL1R2 and 10 g/ml of erythromycin for EM230, both of which were obtained from Sigma-Aldrich, St. Louis, Mo. The spontaneous mutation of DL1R2 did not alter the sialic acid-binding phenotype, including hemagglutinating activity, aggregation with human platelets, and binding to sialoglycoconjugates, or the expression of Hsa compared with those of DL1 (data not shown). No significant differences were found among DL1, DL1R2, and EM230 in growth rate and viable count after reaching the stationary phase (data not shown). Bacterial cells were harvested, washed, and suspended in sterile saline as previously described (12) , except that streptococci were suspended at a density of 10 7 or 10 8 CFU/ml of saline. Catheter-induced heart valve vegetations were produced in male Sprague-Dawley rats (350 to 450 g; Charles River Japan, Inc., Yokohama, Japan) as previously described (8, 20) , with some modifications by Kitada et al. (12) . Groups of animals were inoculated 24 h after catheterization by intravenous injection of 0.5 ml of saline containing 5 ϫ 10 6 or 5 ϫ 10 7 CFU of S. gordonii DL1R2 or EM230, a 1:1 mixture of both strains (2.5 ϫ 10 7 CFU of each strain), or saline only (sham infected). Three days after bacterial challenge, 1 ml of blood was collected, the animals were sacrificed, and the heart was opened to excise vegetations (12) . Protocols conformed to the guidelines for the care and use of laboratory animals at Nippon Dental University.
For evaluation of infectivity, the vegetations were individually weighed and each was homogenized in 1 ml of sterile saline. Serial 10-fold dilutions of the homogenized vegetations were prepared in saline, and 0.1 ml of each dilution was spread onto brain heart infusion agar plates supplemented with antibiotics as described above. Blood samples were similarly spread. After incubation at 37°C for 48 h, the CFU on the plates were counted. To confirm whether the bacterial cells recovered were identical to those injected, agglutination of the bacterial population with antibody against Hsa (anti-Hs) and its hemagglutinating activity were examined as previously described (21) . The bacterial density in vegetations was calculated as the ratio of the number of bacteria for the entire vegetation in each rat to the weight of the vegetation and is expressed as the log 10 number of CFU/mg of tissue. This method permitted the detection of as few as 0.1 log 10 CFU/mg of vegetation. Statistically significant differences in the median or the mean of the vegetation bacterial densities were evaluated by the Mann-Whitney U test or the paired t test. For comparisons, culture-negative vegetations were considered to contain 0.1 log 10 CFU/mg. Statistically significant differences between the rates of valve infections were determined by Fisher's exact probability test. For histopathological observation, hearts of additional rats infected with S. gordonii strains were excised and fixed in 10% buffered formalin. Paraffin sections of cardiac tissues including the aortic valves were stained with hematoxylin and eosin.
As shown in Fig. 1 , the abilities of DL1R2 and the hsa mutant EM230 to induce infective endocarditis in catheterized rats differed strikingly when the rats were challenged with 5 ϫ 10 6 bacteria. DL1R2 produced infective vegetations in all rats (10/10), whereas the rate (4/10) of valve infections was significantly lower in rats challenged with EM230 (P Ͻ 0.01). In addition, the bacterial densities of vegetations formed by DL1R2 were significantly higher than those formed by EM230 (P Ͻ 0.01). The number of CFU/ml of blood (i.e., 0.8 Ϯ 0.5 log 10 CFU of DL1R2/ml and 0.6 Ϯ 0.3 log 10 CFU of EM230/ ml) did not significantly differ between the strains.
Histopathological examination confirmed the presence of severe infective endocarditis involving an aortic valve in the DL1R2-challenged rats (Fig. 2) . A thrombus mass containing bacterial colonies, as well as platelets and fibrin, formed a large vegetation which eroded and destroyed the valve structures. Inflammatory cell infiltration led to abscess formation and extensive destruction of the cardiac muscle underneath the vegetation. In contrast, only small vegetations without histodiagnostic bacterial infection were restricted to the base of the aortic valves of rats challenged with EM230 (Fig. 2) . Inflammatory cell infiltration was modest in localized regions, and cardiac muscle remained intact. These general histopathological aspects were similar to those found in catheterized but sham-infected animals (data not shown), as previously described (12) .
Neither the rate of valve infection nor the median of the bacterial densities in the vegetations significantly differed between DL1R2 and EM230 when rats (six for DL1R2 and five for EM230) were challenged with a larger number (5 ϫ 10 7 ) of bacteria ( Fig. 1) . However, as shown in Fig. 3 , when rats (n ϭ 6) were challenged with a 1:1 mixture of both strains (2.5 ϫ 10 7 of each in 0.5 ml of saline), the bacterial density in the vegetation formed by DL1R2 (6.2 Ϯ 2.2 log 10 CFU/mg) was significantly higher than that formed by EM230 (4.1 Ϯ 2.7 log 10 CFU/mg) (P Ͻ 0.05).
Consequently, the in vivo experiments suggest that the sialic acid-binding adhesin of S. gordonii DL1 contributes to the infectivity of the organism at heart valves. The comparison of the wild type and the hsa mutant clearly indicated the correlation of the infectivity of this organism and its adhesive properties. The experiment challenging the mixture of the wild type and the hsa mutant further confirmed the contribution of the adhesin. A histopathological assessment verified that the infection caused not only simple bacterial colonization of heart valves but also large thrombus formation, which together destroyed the affected aortic valve and cardiac muscle. The aggregation of platelets by streptococci and fibronectin binding of Streptococcus sanguinis have been associated with pathogenicity in infective endocarditis (9, 14) . Presumably, the adhesion of S. gordonii to platelets, erythrocytes, and other sialoglycoproteins such as fibronectin is mediated by binding of Hsa to sialic acid-containing receptors of these host cells, which causes colonization of the organism and triggered the inflammatory reactions of the heart tissues. Importantly, only small vegetations developed in rats challenged with the hsa mutant (Fig. 2) , perhaps due to the reduction of infectivity.
In cases of bacteremia with a relatively large amount (5 ϫ 10 7 ) of bacteria, even the hsa mutant was detected similarly to the wild type. These results support the possibility that multiple adhesins, such as ScaA (13) , homologues of Streptococcus parasanguinis FimA (4), SspA/SspB (11), the streptococcal antigen I/II family, and CshA (16), contribute to the overall infectivity and vegetation bacterial density. Further studies are required to determine the molecular mechanism of the adhe- 
